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Abstract 
This work presents a micromechanical fatigue damage model developed for short glass fiber 
reinforced PA66. It has been developed to predict the high cycle fatigue behavior of PA66/GF30. 
The model is based on an extended Mori-Tanaka method which includes coated inclusions, 
matrix viscoelasticity and the evolution of micro-scale damage. The developed model accounts 
for the nonlinear matrix viscoelasticity and the reinforcement orientation. The description of the 
damage processes is based on the experimental investigation of damage mechanisms previously 
performed through in-situ SEM tests and X-ray micro-computed tomography observations. 
Damage chronologies have been proposed involving three different processes: interface 
debonding/coating, matrix micro-cracking and fiber breakages. Their occurrence strongly 
depends on the microstructure and the relative humidity. Each damage mechanism is introduced 
through an evolution law coupled to local stress fields. The developed model is implemented 
using a UMAT subroutine. Its experimental validation is achieved under stress or strain 
controlled fatigue tests. 
Introduction 
Reinforced thermoplastic structures are increasingly used in the automotive industry. They are 
especially appreciated for their high strength to weight ratio, thermomechanical performances 
and their ability to be injection molded. However, the behavior of polyamide-66/short glass fiber 
30 wt% composite (PA66/GF30) is strongly dependent on several coupled effects: complex 
damage mechanisms, viscous rheology of the matrix, environmental conditions, injection 
molding microstructure and loading path. Therefore the design of structural parts for high cycle 
fatigue applications requires advanced modeling tools that accounts for these coupled effects. 
Damage mechanisms have previously been investigated by the authors [1,2] and by Cosmi and 
Bernasconi [5], using in-situ SEM tests and X-ray micro-computed tomography (µCT) 
observations. A damage scenario has been established, depending on the sample relative 
humidity. Four damage mechanisms occur through fatigue life, at frequencies lower than 5Hz: 
fiber breakage, matrix microcracking, interfacial debonding between fibers and matrix, and 
matrix deformation bands. Interfacial debonding and related microcracks are proved to be the 
main process governing the overall damage evolution. 
Phenomenological approaches have been frequently adopted to simulate the cyclic behavior of 
PA66/GF30 composite structures. Recently, a constitutive model has been developed by Launay 
et al. [14,15] to take into account the elasto-viscoplatic nature of polyamide matrix reinforced by 
glass fibers. This model does not take into account the evolution of damage.   On the other hand, 
the model by Nouri et al. [19] has been developed to account for the evolution of anisotropic 
damage, but does not take into account material microstructure. Micromechanical models have 
been developed to account for it in terms of reinforcement shape and spatial distributions. Doghri 
et al. [7] have developed a multiscale mean-field homogenization method to determine the 
effective properties of an elasto-vsiscoplastic matrix reinforced with elastic fibers, while Wu et 
al. [20] have developed a model that account for the degradation of the material using a gradient-
enhanced damage model. For short glass fiber reinforced polyamide composites, damage 
mechanisms are strongly dependent on the material microstructure as well as hygrothermal 
conditions [1]. Such local damage mechanisms that depend on micromechanical fields need to be 
included in a multi-scale model to analyze the effect of the material microstructure on the fatigue 
life. To this aim, a micromechanical model is developed, using an incremental Mori-Tanaka 
homogenization scheme [18]. It takes into account the non-linear nature of the matrix behavior 
and the local damage mechanisms. The constitutive response of each phase is based on a 
dedicated behavior law, and can thus be altered via specific damage mechanisms. The developed 
constitutive model is implemented into the finite element code Abaqus using a User MATerial 
subroutine. 
In this paper, Section 2 presents the multi-scale model, with a description of the homogenization 
method and the model adopted to describe the evolution of local damage mechanisms. Section 3 
presents the evolution of mechanical fields in a composite material subjected to cyclic loading, 
with an emphasis on the evolution of local damage. 
Multiscale modeling 
Homogenization 
Due to the injection molding process, the fiber orientation is not homogeneous within a sample. 
For the purpose of modeling, the orientation distribution is represented by N orientation 
intervals. The representative volume element (RVE) thus consists of the matrix, voids generated 
by matrix microcracks, N oriented fibers and N coating of these fibers, which are assumed to be 
ellipsoidal. It is worth noting that fiber breakage will introduce two new oriented phases: broken 
fibers and subsequently coating of broken fibers. Figure 1 shows the RVE evolution in 
accordance with the previously identified damage mechanisms [1,2]. Furthermore, the fiber 
volume fraction for each orientation is estimated via Simpson’s numerical integration of the 
experimental orientation density functions (ODF). The next step is to identify the behavior of 
each phase prior to integrating the damage mechanisms. 
The macroscopic effective behavior is computed using the Mori-Tanaka scheme [18]. This 
method has been extensively used by many authors to obtain the effective behavior of composite 
materials [6,9,11,15]. The Eshelby tensor has been numerically evaluated by the method defined 
by Lagoudas and Gavazzi [8]. This accounts for the anisotropic nature of the nonlinear tangent 
modulus of the phases. The computed effective modulus of the homogenized material is recalled 
equation (1). This homogenization is here adapted to take into account the matrix nonlinear 
rheology, the composite microstructure and the damage evolution including fiber breakage, 
matrix microcracking and interfacial debonding. The latter is modeled owing to a coating phase 
around the fiber, as explained in section 2.3. To take into account all the coupled effects, the 
loading path is divided into time increments leading hence to an incremental Mori-Tanaka 
scheme.  
Figure 1. Schematic damage scenario based on experimental observations [1,2] 
towards modeling 
∑ (1) 
With r a phase, cr its volume fraction Lr its stiffness tensor. Ar is the strain localization fourth 
order tensor related to phase r and Leff the effective modulus of the homogeneous medium. Ar 
are computed according to the micromechanical method, i.e. Mori-Tanaka. They are then 
modified to take into account coated reinforcements. Cherkaoui et al. [4] proposed an approach 
leading to specific localization equations for coated inclusions. This aspect has been validated 
with the analytical approach of coated spherical inclusions by Hervé and Zaoui [10]. 
Constitutive law of the phases 
Voids are assumed to be linear isotropic elastic, with null Young’s modulus and Poisson’s ratio 
equal to 0.5. Fibers are assumed to follow the same law, and are identified through their Euler 
angles, aspect ratio, Young modulus and Poisson’s ratio. 
DMTA analysis has shown that the polyamide 66 matrix response is viscoelastic. The Cole-Cole 
diagram from Figure 2 shows several phase transitions. Only the first peak, corresponding to the 
glass transition, is of practical interest for engineering application due to the related range of 
temperature. Inverse methods such as genetic algorithm are applied to fit the experimental curves 
of the Cole-Cole diagram, with different viscoelastic models. A comparative study of Maxwell, 
generalized Maxwell, Zener, generalized Zener and Havrilak-Negami models proves that the 
generalized Zener is best suited for matrix viscoelasticity; especially to model the material 
around the glass transition temperature. This is the main configuration for automotive component 
applications.  
Figure 2. Cole-Cole diagram of the normalized matrix tensile modulus. Two 
experimental curves were obtained from DMTA experiments and are fitted 
with the same parameter set of generalized Zener model. 
In the proposed model, a simple 3D Zener formulation is implemented. The parameters of this 
viscoelastic model should therefore depend on the conditions of temperature and relative 
humidity. 
Damage mechanisms 
As specified in introduction, damage mechanisms have been studied by the authors [1,2] and by 
Cosmi and Bernasconi [5]. The retained damage scenario includes three mechanisms: fiber-
matrix interfacial debonding, fiber breakage and matrix microcracking. Even if they are all 
occurring at a microscale level, there exists a scale difference between the mechanisms. Indeed 
the matrix microcracking and the fiber breakage occur at fiber scale, while coating degradation 
via interfacial debonding occurs at a relative smaller scale. This justifies the specific use of a 
continuous damage mechanics for the coating related damage, as stated by several authors [3,13]. 
Therefore the three damage mechanisms should be separately implemented. 
Figure 3. In-situ SEM observation of a PA66/GF30 sample subjected to 
flexural load. 
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The damage evolution is mainly governed by the interfacial debonding, which also generates 
microcracks in the surrounding matrix (coating). Each fiber is thus embedded into a matrix 
coating, whose damage consists of matrix microcracking and fiber-matrix debonding. This 
assumption agrees well with in-situ SEM and µCT observations [2] as shown in Figure 3. The 
coating degradation is ensured by a stiffness reduction, which comes from an interfacial damage 
criterion. A rupture criterion of the fiber/coating interface has thus to be defined and developed 
into a damage criterion. This part is partially based on the work by Jendli et al. [11]. The local 
failure criterion is set as follows:  
( ) ( ) (2) 
σN is the normal stress and τ is the shear stress at the interface. σrupture and τrupture are
respectively the maximum normal and shear stress prior to interfacial debonding. The idea is 
now to use a normal distribution based on this criterion to determine the coating damage for 
lower values of σN and τ. Two more parameters have to be set: the shape parameter  and the
damage threshold  (between 0 and 1). The latter adjusts the mean and the standard deviation of 
the normal distribution to have 99% damage along the rupture criterion. Moreover, due to the 
incremental Mori-Tanaka approach, the damage rate has to be computed. Therefore, the time 
normalization is then required. It depends on the damage d and the time increment t. The 
probabilisation of this criterion can then be formulated as: 
 ̇ ((( ) ( ) )   ) (3a) 
With N the cumulative distribution function of the normal law with the mean value m and the 
standard deviation sd, such as: 
(3b) 
sd0 is the standard deviation which allows to reach ≈ 99% damage on the rupture criterion for 
 = 0.  
A second normalization due to the specificity of normal distributions is necessary. Indeed, the 
density function has strictly positive values on [-∞; +∞]. This leads to equation (4) illustrated in
Figure 4. The coating tangent modulus linearly decreases with damage as stated by equation (5).  
 ̇  [ ((( ) ( ) )   )  ]. (4) 
 (5) 
The coating damage is based on interfacial stress field, which is computed using the local fiber 
stress as given by Meraghni et al. [16]. The damage rate is evaluated all around the ellipsoid, 
using 2 integration angles. The computed maximum value is kept to estimate the damage 
increment inside the coating and thus the tangent modulus decrease. 
Figure 4. Iso-damaged surfaces given by the interfacial damage law. 
Fiber breakage was also modeled. When a fiber breaks, the volume fraction of fiber and its 
coating decrease while the one of broken fiber and its related coating increase accordingly. The 
damage law is based on an extended statistical Weibull law to compute damage rate. The trend is 
strictly designed from a phenomenological point of view and is based on Desrumaux and 
Meraghni works [6,16]. Experimental observations show a few occurrence of fiber breakage for 
low water content, and only at an early stage of fatigue life. The final equation contains 4 
parameters: 
̇ (
   
)  ( 
 ( )
) (6) 

m is the shape factor, 0 is a stress threshold, γ and  are the damage saturation parameters. This 
allows representing curves like the one in Figure 5a. 
Figure 5. Implemented damage laws for a. fiber breakage and b. matrix 
microcracking. 
As far as matrix microcracks are concerned and from a phenomenological point of view, the 
mechanisms are very similar to the fiber breakage until late fatigue life. Then the cracks start to 
coalesce and grow rapidly. So, after the previous saturation step, there is a third step where 
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fibers and coating and is equal to 100. Results are presented in Figure 6. It is shown that matrix 
and fiber volume fractions are slowly decreasing in early fatigue life. This is due to matrix 
microcracking and fiber breakage. Coating damage simultaneously increases during fatigue until 
it reaches a critic value, here arbitrary set to 90%. Prior to this damage threshold, it can be 
noticed that the local stress of every other phases increase to account for the coating stress 
diminution. Beyond this point, the coating is assumed to be damaged and considered as a void, 
and the same goes to the related fiber. Their local stress and strain fields are therefore reduced to 
0. The remaining phases, especially the matrix, will support the full RVE stress. Microcracks
thus tend to coalesce leading to void accumulation until RVE rupture. 
Conclusion 
The developed multiscale model is strongly physically based as it is designed to capture the 
damage mechanisms observed by in-situ SEM test and by µCT tomography [1,2,5]. The damage 
scenario can be numerically reproduced at the microscale. Model calibration with experimental 
data is undergoing and should be presented in June. Further work includes the implementation of 
a generalized Zener behavior law to better catch the matrix viscoelasticity.  
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